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ABSTRACT

The Alouette II resonances observed near the harmonics of the electron
cyclotron frequency fy reveal frequency shifts (relative to the nfy values de-
rived from model field calculations) which can be consistently interpreted in
terms of plasma wave dispersion effects superimposed on a positive offset of
several kilohertz in the AlouetteIl sounder transmitter frequency and a negative
offset of a few ten's of gammas in the earth's magnetic field | B | (relative to the
model field under quiet conditions near the magnetic equator). Plasma wave dis-
persion effects are observedonthe 2f, resonance when it is in the vicinity of the
resonance observed near the upper hybrid frequency f;. The 2f, resonant fre-
quency shift is positive when f < 2fH and negative when f. > 2f . The observed
shift is more than an order of magnitude greater thanthat expected from a match-
ing of the group velocity of longitudinal plasma waves propagating perpendicular
to B, tothe component of the satellite velocity perpendicular to B. The observa-
tions suggest that an oblique echo model may be required to give a proper inter-
pretation of the 2f,; resonance. Comparing the frequency shifts observed near fT
with theory indicates that cyclotron damping can be ignored only when the angle
between the propagation vector k and the direction perpendicular to B is less
than a few degrees for the 2f, wave, and less than a few tenths of a degree for
the nf, waves with n > 2. The large positive frequency shifts previously attrib-
uted to the Alouette II IfH and 2f, resonances can be explained by assuming a
positive instrumental frequency offset. The negative offset of {]—él inferred from
the plasma resonance observations is consistent with expectations based on re-
cent OGO 3 and OGO 5 rubidium magnetometer observations at higher altitudes

in the equatorial regions.
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1. INTRODUCTION

The Alouette I plasma resonances associated with the electron cyclotron
frequency fH and the harmonics nf, (n =2, 3,4, ** *) have been observed to de-
viate a few tenths of one percent from their expected frequency values based on
model magnetic field calculations [Benson, 1970a]. The magnitude of the ob-
served deviations varied with the harmonic number n; in addition, some of the
frequency deviations appeared to depend upon the variations in the electron
density N. An investigation of the data from Alouette II revealed that f — nf
as n increases (where f_ is the frequency of the resonance associated with
nfy), and large positive shifts (of the order of 1%) were observed on the reso-
nances near f, and 2f; [Benson, 1969]. These results were quite different from
the Alouette I results where the deviation of f from nf, increased with increas-
ing n and where large positive shifts were not observed on the f; and 2f; reso-
nances. In both of the above studies the expanded receiver amplitude vs. time

format was used.

There are several differences in the Alouette I and Alouette II sounder sys-
tems which must be considered when comparing resonance data from the two
satellites. The frequency response, frequency resolution, and the automatic gain
control (AGC) are more suitable on Alouette II than on Alouette I for resonance
investigation [Franklin, 1970; Franklin and Maclean, 1969; Benson, 1971b]. In
addition, spring steel antenna elements were used on Alouette I while non-magnetic
Be-Cu elements were used on Alouette II. Magnetic tests (which were conducted
on a sample of the Alouette I antenna material) indicated that a contaminant field,
capable of producing the observed Alouette I frequency deviations, was present
out to a radial distance of a few meters from the antenna element (see pp. 44-45

of Benson {1970a]).

The difference between the observed frequency shifts on Alouette I and

Alouette II for the higher nf,; resonances (typically n 2 6) was attributed to the



above contaminant field, and it was concluded that the excitation region associ-
ated with these resonances extended only on the order of meters from the antenna
[Benson, 1969]. No conclusions were obtained concerning the large positive fre-
quency shifts observed on the Alouette II f; and 2f; resonances. Similar shifts
of the Alouette II f; resonance have been reported by Barry {1970] and can be
recognized in the data presented in Figure 3 of Matuura, Nishizaki, and Nagayama
[1969]; in these studies, large numbers of ionograms were analyzed in the con-

ventional ionogram format.

The data for the present paper were chosen in order to investigate the above
mentioned large positive Alouette II frequency shifts, and to investigate the N de-
pendence of the frequency shifts seen on Alouette I. A proper interpretation of
these frequency shifts is required hefore the resonances can be used with confi-

dence in ionospheric measurements.

2. DISCUSSION OF NEW OBSERVATIONS

Frequency shift measurements of nfy resonances. Four Alouette II satellite

passes on magnetically quiet days (K, =0 or 1) were selected that corresponded

to rapidly changing N along the orbital path while maintaining a nearly constant

and low value of f, for many consecutive ionograms. The projection of the sub-
satellite point on geographical coordinates is presented in Figure 1 during the time
interval pertaining to the present data samples. The corresponding variations in
the satellite height z are presentedin Figure 2together with the variations in (‘783 e ) ds
(the component of the satellite velocity perpendicular to the earth's magnetic field,
ﬁ), the electron temperature T, (as obtained from the Alouette II probe experiment),
and the plasma parameter fy/fy, where fy is the electron plasma frequency. The

quantity (Vsat )1 is required to compare the frequency shift observations with



J
theoretical studies that include the motion of the satellite, T, is required to cal-
culate the group velocity \7g of the plasma waves that are considered to be the
cause of the resonances, and fN/fH is of importance because it influences the
shape of the dispersion curves associated with these plasma waves. The plasma
parameter f /f is used as the abscissa in Figure 3, where the variation of f,
is presented, and in the presentation of the frequency shift measurements fy and

f are related to N and B as follows:

[fy (kHz)]2 ~ 81 N (cm™3) (1)

and
f, (kHz) = B ()/36. (2)

The nearly constant f., over a wide range of fN/fH on each pass, corresponds to
a series of ionograms with a pattern of nf, resonances that remains nearly con-
stant in frequency while the upper hybrid frequency f, varies from f. < 2f; to
f. > 3fH, where f % = fN2 +f 3{ This situation is ideal for the investigation of the
dispersion of the nf, plasma waves because the dispersion curves for these
waves experience a dramatic change in shape as fT crosses an le.g., see
Crawford, 1965] .

A precise frequency scaling of all nf, resonances observed in the high fre—
quency resolution portion of the ionograms (i.e., an < 2.0 MHz) was performed
on nearly all of the ionograms recorded on the above 4 passes over the region
indicated in Figure 1. The conventional ionogram format was used to select the
ionograms to be scaled, and the expanded receiver amplitude vs. time format
was used in the actual scaling. The resonant center frequency could be scaled
to an accuracy slightly better than 1 kHz when the frequency spectrum of the
sounder pulse could be clearly recognized (see Figure 4); the method of scaling
has been described previously [Benson, 1969]. The scaled frequency f_was

expressed in terms of a percent frequency shift defined as (f, - nfy) x 100/nf,
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where f was determined from the Cain and Cain [1971] reference field. The
observed shift was compared with the predicted shift based on the concept of
matching X_/; to the component of the satellite velocity parallel to —\’Ig . This
matching concept was introduced by Shkarofsky and Johnston [1965] in an attempt
to explain the long time durations observed for the Alouette I nf; resonances.
The comparison was made for cyclotron harmonic waves with the wave vector k
satisfying the condition k-B= 0, since these waves experience strong cyclotron
damping when k deviates by more than a few degrees from this perpendicular
orientation [Tataronis and Crawford, 1966]. The group velocity for these waves
(which can be derived from Stix [Chap. 9, e.g. 105, 1962], e.g., see eq. 2 of Ben-
son [1971b]) is also perpendicular to B. The effect of allowing K to deviate

slightly from the perpendicular orientation will be discussed in Section 4.

The results of the above comparison are presented in Figure 5 in the form
of frequency shift in percent versus the plasma parameter f /fH. The top 4 rows
inA Figure 5 present the results for each pass separately (f,, 2f;, and 3f; in the
left, middle, and right columns respectively) and the bottom row presents a com-
posite picture of all of the data. The dashed lines in the left column represent
(\7sat )| » the dashed lines in the middle and right columns (which almost merge
with the zero line) represent the frequency shift corresponding to the matching
conditions (see preceding paragraph) for 2f, and 3f,, respectively. It is possible
to obtain matching in the frequency region within a few percent of the cyclotron
harmonics in either the low k or the high k portion of the plasma wave disper-
sion curve. The dashed lines for 2fH and 3fH'.correspond to the low k matching
points (there is no low k matching point for perpendicular propagating plasma
waves near fH); the solid lines for fH, 2fH, and 3fH correspond to the high k

matching points. The most outstanding features of Figure 5 are the following:
J‘

1. The average percentage frequency shift is positive for each nf, reso-

. v s I
nance and it decreases with increasing n.
{



2. Large frequency deviations from the background level are observed on
the 2f, resonance when f_ is in the vicinity of 2f ; similar deviations
are not observed on the 3f, resonance when f_ is in the vicinity of 3f,.
(Note: the arrows at the bottom of the figure designate the points where

f, = 2f, and where £, =3f,)

3. The observed frequency shifts do not agree with the expected shifts
based on a matching of \7g to (\7sat )J. for the low k (for 2f; or 3f;) or
the high k (for f_, 2f , or 3f H) matching points on the dispersion curves

for cyclotron harmonic waves with k-B=0.

4, The positive frequency shifts cannot be interpreted strictly in terms of
the Doppler shift K- Vsat (whichbecomes k({;s,,t | when k * B = 0) since
the variation of (\7Sat ), is much greater than the observed shifts, e.g.,
on pass 4086 (Gsat)l varies by a factor of 7 while the observed frequency
shift is nearly constant for each resonance (except for the f = 2f; por-
tion of the 2f, data). This statement is valid even if K * B # 0 since
cyclotron damping considerations, as discussed earlier, reqliire that k

remain within a few degrees of the perpendicular orientation.

The decreasing positive percentage frequency shift with increasing n sug-
gests the possibility of a fixed instrumental frequency offset Af since the percent
error associated with f_, 2f,, and 3f, would then be IS 75 SA f/2f , and Af/3f re-
spectively. In order to investigate this possibility, the absolute frequency shifts
in kilohertz. for the f, 21, 3fH, and 4fH resonances were plotted versus fN/fH for
the two passes that contained high frequency resolution data for the 4f, resonance.
These absolute frequency shifts, which are presented in Figure 6, should be the
same for each resonance if they are simply the result of an instrumental offset;
the overall average values are seen to be about 4.9 kHz for fH, 4.7 kHz for sz

(excluding the region from £, /f, = 1.5 to 2.0), 3.9 kHz for 3f;, and 1.4 kHz for



4f . The decreasing average value with increasing n may be the result of a

e
difference between the model field and the true field, since such a difference

has a greater effect on the higher harmonics, e.g., a 1 kHz difference in f, repre-
sents a 4 kHz difference in 4f ;; it will be shown in Section 3 that there is evidence
for such a difference. If the zero line is moved up to approximately +5 kHz, then
the direction of the 2f, shift in the vicinity of f; would be consistent with the
change in the dispersion curve shape near this frequency (the dispersion curve

is in the frequency range above 2f; when f < 2f and it is in the frequency range

below 2f, when . > 2f,, e.g., see Crawford [1965]).

If the large average positive frequency shifts are the result of an instru-
mental effect rather than a plasma effect, then the shifts should be similar for
different plasma conditions. This is seen to be the case in Figure 7 where the
absolute shifts for the f, 2f,, and 3f, resonances as observed on 2 perigee
passes near the dip equator over South America, where iN/fH has its maximum
value, are presented. (The overall average values are 5.4, 5.0, and 3.1 kHz for
£ 2f,, and 3fH respectively.) Similar comments hold for conditions correspond-
ing to different latitudes as is illustrated by Figure 8 where the results for the f,
and 2f; resonances, as observed in high northern latitudes, are presented. (The

overall averages are 3.3 and 4.2 kHz for f, and 2f,;, - respectively.)

Electron density gradient measurements. Similar conclusions concerning

an instrumental offset are obtained by comparing the gradient of N parallel to

—

V... @s determined from consecutive ionograms with the gradient determined
from a single ionogram. On pass 1927 several consecutive ionograms contained
fN resonances suitable for accurate frequency scaling [Benson, 1971a]; these
resonances also contained well defined exit frequencies f S of the x reflection
trace. On this pass, the electron density gradient along the satellite path was
found to be nearly constant (+.08% change in N per kilometer) over a distance

of 480 km by comparing the calculated plasma frequency (fy), y from three

consecutive ionograms, where



[y ul? = (£,8)% = (£8) (fy) @)

(f, S was scaled from the ionograms and f; was obtained from the Cain and Cain
[1971] reference field; the conversion from plasma frequency to electron density
is obtained from (1)). The above gradient, expressed as change in plasma fre-
quency per second along the satellite path, was +0.89 + 0.01 kHz/sec; thus the
expected change in fy during the 5.2 seconds that elapsed between the observa-
tion of the fy resonance and the observation of f,S on one ionogram was 4.6 kHz.
The observed difference, however, was 11.0 = 2.9 kHz. It is difficult to interpret
this discrepancy in terms of ionospheric irregularities since similar results
were obtained on each of the three ionograms. The discrepancy is removed by
assuming a positive frequency offset Af of the sounder system since the effect

of Af on the calculated plasma frequency (fy), y in (3), via the scaled value f, S,
is not the same as it is on the value of fy scaled directly from the fy resonance

as can be seen by rewriting (3) as
[(fy), o2 = [f, S-062-[f s-81(f)

and comparing it with (f - Af)2 where fy is the scaled f resonant frequency.
The minimum value of Af that will remove the discrepancy is about 7 kHz (for
the ionogram recorded at 18:57:54 UT where the following scaled values were
obtained: f =314.4 +.9 kHz, f S = 849.4 + 1.1 kHz and the model field value
for f, was 724.7(5) + .2 kHz). It is removed at a lower Af value if the model
field value for fy is assumed to be too low; at the high latitude where this iono-
gram was recorded a value 1 kHz higher 'than the model value is not inconsistent
with recent OGO-3 and 5 observations (M. Sugiura, personal communication,
1971] . The minimum value based on this slightly higher value of f, is Af = 4 kHz.
Plasma wave dispersion effects should not significantly alter these results since
the frequency shifts predicted for the fy resonance are less than 1 kHz (McAfee,
1970) and the frequency shifts associated with {,S are completely negligible

gince it is an electromagnetic wave rather than an electrostatic wave.
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3. RE-EVALUATION OF EARLIER ALOUETTE II OBSERVATIONS

The above observations, both those based on the frequency shifts of the nf "
resonances and those based on the deduced gradient of N, are consistent with a
frequency offset of the Alouette II sounder system by an amount Af 3 4 kHz.
These results require a re-evaluation of an earlier work [Benson, 1969] which
did not consider the effect of an instrument offset. In this work the resonant
frequency shift was expressed as a difference field AB = B, -B c where, from
(2), B (7) = 36 f (kHz)/n is the magnetic field determined from f and the
assumption f_ = nf,, and B, is the calculated reference field [Cain and Cain,
1971]; AB observations were made for resonances up to 8fH (the maximum value
for which high resolution observations can be made from Alouette II ionograms).

The observed difference field A B can be expressed as

AB=(AB), + (4B), +(AB), + (AB), 4)

where

(AB), = AB resulting from an instrumental frequency offset

(AB)m =/ B due to inaccuracies in the model field

(AB), =AB due to magnetic contamination from the satellite and/or its

antennas

(AB)p = AB due to plasma wave dispersion effects.
The term (AB)_ is neglected on Alouette II since the magnetic contamination is
restricted to the region within a few meters of the body of the satellite — a dis-
tance small compared to the antenna length. If the average positive frequency
displacements of Figure 5 are assumed to be due to an instrumental offset, then
the assumption (AB)p = 0 for all the an resonances appears reasonable except
for the 2f, resonance when fr~ 2f; since f.~ 3f, for the data under consider-
ation, the term (AB)p will be neglected for 2f, as well. In (4) let (A B), =36 Af/n,

where Af is the assumed instrumental offset, then

AB () = 36Af(kHz)%+AB(y)m (5)



The unknowns A f and (& B)_ can be determined from two or more AB observations
corresponding to different n values. The data points in Figure 9 were adapted
from Figure 4 of Benson [1969]; and the solid curves were obtained from a least
squares fit of (5) to the A B values. Consider the data of Figures 9a and 9b first
which correspond to individual ionograms from separate satellite passes. The
above least squares fit corresponds to Af = 8.0 kHz and (AB) = -507% in (a) and
toAf =17.9 kHz and (AB)m = =61+ in (b). The averaged data corresponding to a
series of consecutive ionograms from two separate passes are given in Figures
9c and 9d. The reference level curves, resulting from the above least squares
fit, correspond to Af = 6.8 kHz and (AB) - 40 in (c) and to Af = 5.5 kHz and
(AB),, = -167 in (d).

The above negative (AB) values are consistent with the recent OGO 3 and
OGO 5 rubidium magnetometer observations indicating a large inflation of the
inner magnetosphere due to high energy plasma [Sugiura et al., 1970, 1971]. A
more meaningful comparison with the above observations is obtained by remov-
ing the D_, corrections [Sugiura and Cain, 1969] which were applied to Bc in
the present analysis (D, represents the average magnetic storm field over all
longitudes). The (AB)m values corresponding to Figure 9 then become -41, -49,
-41, and -57 for (a), (b), (c), and (d) respectively. The larger negative offset
associated with (a), (b), and (c) is consistent with the OGO observations that AB
becomes more negative for weak disturbances than for quiet conditions (the K

index was 2 for (a), (b), and (c) and 1 for (d)).

The above results indicate that the large positive frequency shifts reported
earlier [Benson, 1969] for the n =1 and n = 2 resonances (with f/f ~ 3) are
consistent with a positive frequency offset Af in the range of 5.5 to 8.0 kHz.

The n = 2 resonance appears consistently below the reference level curves on
all 4 passes by about 0.1 or 0.2% (a shift of about 9 in Figure 9 is equivalent to

a shift of 0.1%). This indication of a negative shift is consistent with the independent



observations of Figure 5 (based on 4 different Alouette II passes) near fN / fH =~ 3
where a slight depression with respect to the background level is apparent.
[Note: The sméll positive shift associated with n = 4 in Figures 9a and 9¢ may
be due to the presence of the f,, resonance [Warren and Hagg, 1968] which is
sometimes observed slightly above 4f;, when £ /fH = 3 and was considered to be
a possible cause for the relatively large scaling uncertainty associated with the
4f,; resonance [Benson, 1969]. Also, the indication of a small positive shift
associated with n = 6 in Figure 9b may be due to scaling uncertainties introduced

by the presence of a weak 2f . resonance which was observed slightly above GfH.]‘

4. INTERPRETATION OF OBSERVATIONS

Plasma wave dispersion effects. Plasma wave dispersion effects are ob-

served on the 2f, resonance when f is in the vicinity of 2fH. The frequency de-
viation of the 2f;, resonance from the background level is of the order of +1%

when f; £ 2f, and of the order of -0.2% when f; R 2f, (see Figure 5). The larger
frequency shift observed when fT < an’ as compared to fT > ZfH, is consistent
with earlier Alouette I observations where the frequency of the ZfH resonance

was found to be very sensitive to variations in N when f o < 2f; but not when

fT > 'ZfH [Benson, 1970a]. The expected frequency shifts based on the low k
matching point of \_I; to (\7Sat ), is less than .01% in absolute value when fT is

near 2f, (the expected shift is positive when fT < ZfH and negative when fT > 2fH ).
The longitudinal plasma wave group velocity (for waves propagating perpendicular
to ]3) corresponding to the largest positive frequency shift values of Figure 5 is

of the order of 150 km/sec (which is about 30 times larger than (Vsat)‘L for the
above observations). The corresponding group velocity in the region of fN /fH ~ 1.6,
where the frequency shift is approximately 0.5%, is of the order of 80 to 90 km/sec;
in the region of fN/fH ~ 1.9, where the frequency shift is approximately -0.2%, it

is of the order of -50 to -60 km/sec. These large values (relative to (\7sat ).l.)
suggest that the 2f; resonance may be the result of longitudinal plasma waves with

10



the above starting velocities that give rise to oblique echoes in a manner similar
to the generation of the f resonance [ McAfee, 1968, 1969a; Aubry, Bitoun, and
Graff, 1970; Fejer and Yu, 1970; McAfee, 1970; Bitoun, Graff, and Aubry, 1970;
Warnock, McAfee, and Thompson, 1970; Graff, 1971; Benson, 1971a] and the fT
resonance [McAfee, 1969b; Aubry, Bitoun, and Graff, 1970; Bitoun, Graff, and
Aubry, 1970; Graff, 1970].

Similar plasma wave dispersion effects are not observed on the 3f, resonance,
i.e., the resonant frequency changes by less than 0.2% as fT changes from fT e 3fH
to f. > 3f, (see Figure 5). This is in conflict with earlier conclusions based on
Alouette I observations [Benson, 1970a]. The present Alouette II observations
are considered more reliable for the following reasons: (1) the frequency reso-
lution is greater on Alouette II than on Alouette I, (2) there are more than 5 times
as many observations in the Alouette II data sample corresponding to the condi-
tion f; > 3f, than there are in the Alouette I data sample, and (3) the Alouette II

data is free from the effect of magnetic contamination due to the antenna elements.

Instrumental offset. The non-zero reference level for the nIH resonances in

Figure 5 can be consistently interpreted in terms of an instrumental offset Af be-
tween +4 and +8 kHz. The reference point for this offset figure is the leading edge
of the frequency marker (as determined from the expanded amplitude time format)
with the -3.0 + 0.3 kHz frequency marker correction term included, e.g., the lead-
ing edge of the 1.5 MHz marker is considered to be at 1.497 + .0003 MHz (for a
discussion of frequency scaling accuracy see Benson [1970b}). Since the present
frequency measurements are based on the observed resonant frequency structure,
which is caused by the frequency spectrum of the transmitted pulse, the frequency
offset is attributed to a positive shift of the Alouette II transmitter frequency rel-
ative to the frequency markers. This offset is not of great importance to standard
jonospheric measurements, e.g., the maximum error in the determination of N in

the vicinity of the satellite would be approximately +8% corresponding to Af = 8 kHz

11



and f, = 0.2 MHz; it can cause large errors, however, in the determination of
B from the resonance observed near f; (almost 300). It should be noted that
the corrections required to compensate for a linear interpolation between the
frequency markers [Benson, 1970b] are in the same direction as those required

to compensate for the offset.

The lack of large positive frequency shifts on the Alouette I resonances at
f, and 2f, (see Figure 4a of Benson [1970a]) suggests that either a similar in-
strumental offset was not present on Alouette I or that the offset was compen-
sated for by the action of the AGC. The latter possibility seems more likely
since the Alouette I and Alouette II frequency control systems are similar
[C. Franklin, private communication 1971], and the short AGC time constant
on Alouette I (12 msec on attack and 46 msec on decay) would have a larger
effect on the strong resonances corresponding to low n values than on the
weaker resonances at high n values. The action of the AGC would cause a strong
resonance (such as fH, 2f,, or 3f H) to be scaled too low in frequéncy since the re-
action to the early pulses of the resonance (a typical resonance is composed of
10 or more sounder pulses) would reduce the receiver gain for the later pulses;

the net effect would be to skew the resonant profile toward a lower frequency.

Cyclotron damping considerations. If the positive frequency shifts observed

in the present data — and in the data of Benson [1969], Barry [1970], and Fig-
ure 3 of Matuura, Nishizaki, and Nagayama [1969] — are interpreted in terms
of an instrumental offset, then the deviation of the resonant frequency from the
ambient value in the medium is less than a few tenths of 1% except for the ZfH

resonance when 2f . fT. In particular, the frequency deviations on the higher
harmonic resonances are less than 0.1%, i.e., less than 9y on Figure 9. Thus
deviations from perpendicular propagation are strongly affected by cyclotron

damping which can be neglected only when

12



>>1 (6)

(fn -n fH) m, 1/2
kII 2 K Te

where kII is the component of k parallel to B, m, is the electron mass and «
is Boltzmann's constant [e.g., see Tataronis and Crawford, 1966]. An estimate
of the propagation angle corresponding to (6) can be obtained for the 2f, reso-

nance where frequency shifts attributed to plasma wave dispersion effects were

fn-n fH n
an 2372 4

where R = (T, /m_)1/2/(2n{,) is the electron cyclotron radius, and setting

observed. Rewriting (6) as

k) R<<

lfn - nf,, | /nf, = 0.002 and n = 2 (corresponding to f,/f; = 1.84 on pass 1927 of
Figure 5) gives k R < < 4.5% 10 *. An estimate of the corresponding value
for kl R can be obtained from the dispersion equation for perpendicular propa-
gation (e.g., see eq. 105 of Chap. 9 of Stix [1962]); the result is k| R =~ 2.5 X 102
which corresponds to an angular deviation of only 1° from perpendicular propa-
gation. Thus the propagation direction for the 2f,; wave must be well within 1°
of the direction perpendicular to B in order to ignore cyclotron damping effects
when f 2 2f,. When f g 2f,, where frequency deviations as large as 1% are
observed, the corresponding angle is approximately 3°. For higher harmonics
of f, the angle becomes considerably smaller, e.g., it is approximately .2° for
3f, when £, = 3fH and (f_ - an)/an =,002 (the actual angle may be even smaller
because frequency shifts as large as .2%, which is approximately the observa-
tional limit on the data of Figure 5, were not observed). Thus the largest devi-
ation from the condition k - B = 0, that is consistent with negligible cyclotron
damping, occurs on the 2f, wave. When K * B # 0, it is no longer true that Vg

is parallel to k and it is necessary to match Vg to V_ ., rather thanto (V )l'
The predicted frequency shift, however, is still less than .01% which is to be

compared with an observed shift of approximately 1%. As previously mentioned,

13



the discrepancy suggests that an oblique echo mechanism may be responsible

for the observed resonance at 2f1-1'
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Figure 1. Geographic location of the portions of 4 Alouette Il passes used in the present study
The lengths of the arrows correspond to the time intervals given in Figure
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Figure 2. Variations of orbital and plasma parameters as a function of UT corresponding to the satellite path segments

of Figure 1.

The first right hand scale is used for (V.

sat’]

), and (fN/fH); the second right hand scale is used for the

beigh'r z. The pass numbers correspond to the following dates in 1966: 28 April, 3 May, 10 May, and 8 November for
passes 1785, 1844, 1927, and 4086, respectively.
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Figure 4. The 2f,, resonance in the ionogram format (left) and a portion of the resonance (11 consecutive sounder pulses)
in the receiver amplitude vs. time format (right). The two deep minima observed on the ionogram format are caused by the
frequency spectrum of the 100 psec sounder pulse. These relatively small signal returns correspond to the receiver output
following pulses 6 and 8 on the receiver amplitude vs. time format. The signal below pulse 11 is a 1 kHz time code signal.
The resonance was taken from an Alouette Il ionogram recorded at Quito at 19:52:23 UT on 28 April 1966 (pass 1785).
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Figure 7. Observed frequency shift in kilohertz vs. f/fy for the fy, 2ty, and 3f, resonances from two perigee
passes near the dipole equator (3 ionograms from Quito pass 2151 [16:39:52 to 16:40:57 UT on 29 May 1966] and
5 ionograms from Quito pass 2210 [16:03:41 to 14:05:51 on 3 June 1966]).
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Figure 8. Observed frequency shift in kilohertz vs. f /f for the f, and 2f, resonances from four Ottawa

passes (12 ionograms from passes 6719, 6743, 6754, and 6755 [18-21 June 19671).
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Figure 9. The difference field vs. harmonic number n for 2 individua! ionograms
from separate passes in (a) and (b) and for averaged data from consecutive iono-
grams from separate passes in (c) and (d). The datacorrespond to apogee passes
near the dipole equator [Benson, 1969]. (Note: the difference between the values
inthis figure and the values in Figure 4 of Benson [1969]is due to the use of dif-
ferent values forthe frequency marker correction term; a correction term of —3.75
kHz, based on Franklin [1970], was used in the originalwork and —3.0 kHz, based

on Franklin and Maclean [1969] and Franklin [personal communication, 1970}, in
the present work.) See the text for a description of the curves.
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